ABSTRACT We have performed molecular dynamics (MD) simulations, with particle-mesh Ewald, explicit waters, and counterions, and binding specificity analyses using combined molecular mechanics and continuum solvent (MM-PBSA) on the bovine immunodeficiency virus (BIV) Tat peptide-TAR RNA complex. The solution structure for the complex was solved independently by Patel and co-workers and Puglisi and co-workers. We investigated the differences in both structures and trajectories, particularly in the formation of the U-A-U base triple, the dynamic flexibility of the Tat peptide, and the interactions at the binding interface. We observed a decrease in RMSD in comparing the final average RNA structures and initial RNA structures of both trajectories, which suggests the convergence of the RNA structures to a MD equilibrated RNA structure. We also calculated the relative binding of different Tat peptide mutants to TAR RNA and found qualitative agreement with experimental studies.
INTRODUCTION
RNA-protein interactions are essential in regulating gene expression. Significant attention has focused on elucidating RNA-protein interactions in retroviruses, such as the human immunodeficiency virus (HIV). In retroviruses, RNA-protein interactions govern reverse transcription and the transcription and transport of the viral RNAs. One of the key elements in lentiviral transcription is the trans-activator of transcription (Tat) protein. Tat binds to the 5Ј end of the newly transcribed trans-activation response element (TAR) RNA and enhances transcriptional elongation and yield (Rana and Jeang, 1999; Jones and Peterlin, 1994) .
The Tat protein sequence can be roughly divided into five domains: the N-terminal, Cys-rich, core, basic, Gln-rich, and C-terminal regions. Among lentiviruses, only the basic and core regions are conserved (Rana and Jeang, 1999) . The RNA-binding region has been narrowed down to a short sequence of 10 -20 amino acids of the basic region (Frankel, 2000) .
Structural studies of the RNA-binding region of Tat from HIV and equine infectious anemia virus (EIAV) suggest a highly flexible peptide with some tendency to form an ␣-helix (Mujeeb et al., 1996; Bayer et al., 1995; Aboul-ela and Varani, 1998; Sticht et al., 1993; Willbold et al., 1998; Tan and Frankel, 1995; Calnan et al., 1991) . Structures of HIV TAR RNA with argininamide have also been determined (Puglisi et al., 1992b (Puglisi et al., , 1993 Aboul-ela et al., 1995) . Attempts to solve the structure of the HIV Tat peptide bound to TAR were hindered by the inability to assign spectra of the peptide protons (Aboul-ela and Varani, 1998; Greenbaum, 1996; Puglisi et al., 1992a) . Fortunately, the bovine immunodeficiency virus (BIV) Tat-TAR complex was more amenable to NMR studies. Puglisi and co-workers (Puglisi et al., 1995) and Patel and co-workers (Ye et al., 1995) independently solved the solution structure of the basic RNA-binding region of Tat, in complex with the TAR RNA.
Global features of both the Puglisi and Patel structures are similar, as illustrated in Fig. 1 . The ␤ hairpin peptide, represented as pink tubes in Fig. 1 , is positioned in the major groove of the 28-nucleotide TAR RNA fragment. The widened major groove (9 -17 Å) facilitates the tight fit of the peptide in the complex (Puglisi et al., 1995; Ye et al., 1995) . For structure determination, both groups used a combination of 15 N-and 13 C-labeled samples with heteronuclear multidimensional NMR techniques. Puglisi and coworkers refined the entire complex simultaneously using 384 interproton distances (26 of which are intermolecular-) (Puglisi et al., 1995) . Patel and co-workers docked the peptide and RNA together after computing the monomer structures separately with a total of 1052 distance restraints (102 intermolecular) (Ye et al., 1995) . Puglisi et al. deposited an averaged, energy-minimized structure, while Ye et al. reported a family of five structures in the Protein Data Bank (PDB) (Sussman et al., 1998) .
One of the most notable differences between the Puglisi and Patel structures is the relative orientation of the upper and lower RNA helical stem regions. The Patel RNA structure shows a 40°bend (between C8-G27 and G11-C25 basepairs), whereas the Puglisi structure shows a relatively straight helix. However, in the absence of long-range NOE constraints, it is difficult to assign definite relative positions of the RNA helices. Therefore, the interhelical bend differences between the two structures can only be ascribed to their local conformational features because there are no specific interhelical constraints (Greenbaum, 1996) .
In the RNA bulge region, U12 is looped out and solventexposed. This also contributes to the widening of the major groove and facilitates peptide binding (Puglisi et al., 1995; Ye et al., 1995) . U12 is not well constrained by the NMR data and is looped out into the minor groove in a perpendicular orientation to the helix in the Patel structure, whereas it is pointing toward the solvent in the Puglisi structure. The U10 base of the RNA bulge is located in the major groove in both structures. Patel and co-workers established the existence of a co-planar U10-A13-U24 base triple with multiple NOE constraints, particularly between the imino proton of U10 to H8 of A13. Though their NMR data did not provide direct evidence, the Puglisi structure shows a remarkably similar base triple with H-bonds on the Hoogsteen edge of A13 and the Watson-Crick edge of U10.
There also exist some subtle differences in the RNAprotein contacts between the two structures. The Patel peptide contains three additional residues at the N-terminus that are not present in the Puglisi structure; these additional residues contact the hairpin loop of the TAR RNA, but do not contribute to RNA-binding affinity . Moreover, the interaction of Arg-73 differs in the two complexes, as well as the position of Ile-79 near the base triple.
Our theoretical studies can complement the structural studies of BIV Tat-TAR complexes to investigate the differences in their structures, dynamics, and energetics. Recent theoretical studies of RNA-protein complexes have highlighted the important driving forces in complex formation, particularly for such highly flexible molecules that undergo significant conformational changes upon binding (Hermann and Westhof, 1999; Kollman, 1999, 2000a, b; Tang and Nilsson, 1999) . We have also explored the dynamics and energetics of the HIV-1 TAR RNA and its complex with argininamide (Nifosi et al., 2000) . Both the previous HIV and current BIV theoretical studies investigate and attempt to understand, in general, the underlying forces of RNA-protein recognition. This is accomplished using molecular dynamics (MD) simulations and free energy analyses.
The conformational free energy is computed as the sum of molecular mechanics energy and solvation free energy as estimated by continuum methods (MM-PBSA) (Srinivasan et al., 1998a) . The solvation free energy is approximated as the sum of the electrostatics, computed by the PoissonBoltzmann (PB) method , and nonpolar contributions, as a solvent-accessible surface area (SA) dependent term. The MM-PBSA method has recently been applied to nucleic acids (Srinivasan et al., 1998a, b; Cheatham et al., 1998) , protein-ligand (Chong et al., 1999) , and RNA-protein complexes, with relative success in reproducing both absolute and relative binding free energies (Reyes and Kollman, 2000b) . Here, we use the MM-PBSA method to describe the conformational free energies of the Puglisi and Patel structures and explore the relative binding affinities of different mutants of the Tat peptide.
MATERIALS AND METHODS

Molecular dynamics
MD simulations were performed with the SANDER module of AMBER5 and the Cornell et al., force field (Cornell et al., 1996) . One of the five NMR structures from Ye et al. was chosen arbitrarily (PDB: 1BIV) as the starting structure; the averaged, energy-minimized structure from Puglisi et al. (PDB: 1MNB) was obtained as the initial structure (Ye et al., 1995; Puglisi et al., 1995) . Eighteen neutralizing Na ϩ ions were added to both structures. The Ye et al. structure was solvated in a 73 ϫ 58 ϫ 50 Å 3 box of 5670 TIP3P (Jorgensen et al., 1983) waters, and the Puglisi et al. structure was solvated in a 67 ϫ 56 ϫ 53 Å 3 box of 5162 TIP3P water molecules.
During the initial equilibration stage of both structures, the peptide-RNA complex was minimized for 1000 steps, followed by 40-ps MD of the water molecules at 300 K to relax the waters around the macromolecules, and then another 1000 steps of minimization for all atoms. Both systems were heated to 298 K in gradual steps using the Berendsen algorithm for separate solute-solvent temperature coupling (Berendsen et al., 1981) : 10 ps from 0 to 50 K, then 20 ps from 50 to 150 K, finally 30 ps from 150 to 298 K.
MD simulations were carried out at constant pressure (1 atm) and temperature (298 K), periodic boundary conditions, and particle-mesh Ewald (Darden et al., 1993) for a more accurate treatment of electrostatics. SHAKE was applied to all hydrogen bonds and a time step of 2 fs was utilized (Ryckaert et al., 1977) . Both simulations ran for 1 ns after equilibration and gradual heating. Structural analyses of the trajectories were performed using the CARNAL package from AMBER5 and visual analyses and illustrations were done using MidasPlus (Ferrin et al., 1988) . 
Free energy analyses
The conformational free energy was approximated as the sum of the molecular mechanical energy, E(MM), and the solvation free energy, ⌬G(solv) (Smith and Honig, 1994; Srinivasan et al., 1998b) :
To calculate the energies, 50 snapshots at 10-ps intervals from the last 500-ps trajectories were selected, excluding the Na ϩ ions and water molecules. The total molecular mechanical energies, E(MM), which include bond, angle, dihedral, E(BADH), van der Waals, E(vdW), and electrostatic, E(elec) terms, of these snapshots were computed and averaged over the simulation. Consistent with the MD simulations, the Cornell et al. force field was used in the energy analysis using the ANAL module in AM-BER5.
The electrostatic component of the solvation free energy, G(PB), was computed with the nonlinear PB method as implemented in the Delphi II program (Nicholls et al., 1990) . This was approximated as the reaction field energy of moving a solute from a low dielectric (⑀ ϭ 1) to a high dielectric continuum solvent (⑀ ϭ 80). Atomic charges were taken from the Cornell et al. force field and vdW radii from the PARSE parameter set (Massova and Kollman, 2000; Sitkoff et al., 1994) . Salt concentration of 70 mM was specified for the calculations in accord with experimental binding measurements . We defined a 0.5 Å grid spacing with lattice dimensions extending 20% beyond the solute dimensions and required 1000 linear iterations ϩ 1000 nonlinear iterations for energy convergence.
The nonpolar solvation term was estimated as a solvent-accessible surface area-dependent term. G(np) ϭ ␥(SASA) ϩ ␤, where ␥ ϭ 0.00542 kcal/Å and ␤ ϭ 0.92 kcal/mol (Sitkoff et al., 1994; Srinivasan et al., 1998a; Cheatham et al., 1998) . The solvent-accessible surface area was determined using Sanner's MSMS software (Sanner et al., 1996) . The PB term and the nonpolar solvation term together make up the solvation free energy contribution. The average solvation term, computed from trajectory snapshots, was reported.
Computational mutagenesis
We applied the computational mutagenesis method to estimate the relative binding of different Tat peptides to the RNA on the Patel structure because its peptide sequence exactly matched the Tat peptide sequence measured experimentally. Two methods were used to calculate the relative binding of different peptide mutants. The first and simpler approach is the minimization method (Reyes and Kollman, 2000b) . This method takes a representative snapshot, such as the final MD structure, and calculates its free energy after a series of minimizations with a distance-dependent dielectric. The minimization protocol entails first minimizing the residue to be mutated for 1000 steps, then minimizing only all hydrogen atoms for another 1000 steps, and finally minimizing all atoms for 1000 steps. Then, the coordinates of the same final MD structure are altered with MidasPlus to model the mutant, and its free energy is determined using the same minimization protocol as was applied to the wild-type complex. The relative binding free energy is then the binding free energy difference between the minimized wild-type and the minimized mutant structures.
The second protocol for calculating the relative binding generates mutant structures from the wild-type MD trajectory by altering the coordinates of the wild-type trajectory . This method is best applied to mutations, which involve deleting atoms, such as mutation to an alanine or glycine. We obtained snapshots for energy calculations every 10 ps over the entire trajectory. The mutated snapshots are not minimized, so it is assumed that no local rearrangements occur with the mutation. With the trajectory mutation method, the average free energy difference between the wild-type snapshots and mutated snapshots is the relative binding free energy.
RESULTS AND DISCUSSION
Molecular dynamics
Structural analyses of the trajectories of the Puglisi and Patel structures reveal both differences and similarities. The root-mean-squared distance (RMSD) over the Puglisi trajectory fitted to the starting structure is plotted in Fig. 2 . The FIGURE 2 Root-mean-square deviations from the initial structure of the Puglisi trajectory fitted on all atoms, peptide backbone, RNA, RNA bulge, RNA upper stem, and RNA lower stem.
average RMSD of all atoms is 3.2 Å. The peptide backbone average RMSD is 2.5 Å, while the average RNA RMSD is 2.7 Å. Fitted to the RNA subregions, the average RMSDs are even lower, 2.3 Å for the bulge region, 1.6 Å for the upper stem, and 1.5 Å for the lower stem. Overall, the RMSD profile of the Puglisi trajectory shows a fairly stable simulation.
However, local structural changes did occur during the simulation. Fig. 3 shows the average fluctuations of the trajectory and highlights the flexible residues. Among the peptide residues, Arg-70, Arg-80, and Arg-81 become more extended and solvent-exposed during the simulation of the Puglisi structure. In the RNA, the single-stranded loop bases in the upper stem exhibit high fluctuations. The most flexible base is the solvent-exposed U12 in the bulge, which is freely rotating, as indicated by changes in its angle over time. Also, changes in the torsion angle of the phosphate backbone between U12 and A13 (A13's ␣ and ␤) shift the orientation of U12 from perpendicular to parallel to the minor groove of the RNA, though it remains solvent-exposed. Puglisi et al. (1995) found U12 to be disordered in the NMR structure, as we observed in our MD simulation.
Another notable change in the bulge region is the formation of a definitive co-planar U ⅐ AU base triple, which was not directly specified by the NMR data of Puglisi et al. (1995) , but was observed in the Patel structure (Ye et al., 1995) . Fig. 4 highlights the difference between the initial and MD average Puglisi base triple. Initially, the U10, A13, and U24 bases do not lie on the same plane, but are within reasonable Watson-Crick and Hoogsteen hydrogen-bonding distances. During the simulation, changes in the phosphatesugar backbone (␣, ␤, ␥) and torsions of U10, A13, and U24 contribute to the development of a more co-planar base triple.
The MD simulation of the Patel structure has a different RMSD profile, as shown in Fig. 5 . The average all-atom RMSD is 3.0 Å, the average RMSD for the peptide backbone is 1.7 Å, and 3.1 Å for the RNA. Fitting to the RNA subregions, the average RMSDs for bulge, upper stem, and lower stem are 1.5, 1.9, and 2.0 Å, respectively. At ϳ450 ps there is a dramatic increase in RNA RMSD, dominated by changes in the RMSD of the lower stem region.
Fluctuation analyses of the RNA bases from the MD trajectory of the Patel structure in Fig. 3 show that the flexible bases are located in the upper-stem loop and the terminal bases of the lower stem. Further analyses of the RNA torsion angles over time (data not shown) reveal local structural changes in the lower stem and in the bulge occurring at about the same time as the shift in RNA RMSD. Changes in the backbone torsions (␣, ␥) of U10 and G27 around 400 ps produced a hinge-like motion, which straightened the interhelical angle bend in the RNA, and thus resulting in increased RMSDs in the lower stem and the whole RNA compared to the initial structure.
A more stringent test of how well the MD simulations represent the experimental structures was also performed by tracking the RNA-protein intermolecular NOE distances over the entire simulation. We compared our trajectory averaged intermolecular distances to the experimental NOE data found in Puglisi et al. (1995) and Ye et al. (1995) . Of the 102 intermolecular NOEs from the Patel structure, seven NOEs, involving five amino acids listed in Table 1 , have average distances Ͼ7 Å. The average distance of these seven NOEs is 8.4 Å. Assuming 7 Å as an upper distance constraint for weak NOEs or spin diffusion, the low number of NOE violations shows good agreement between the MD trajectory and the NMR data. Of the 26 total protein-RNA NOEs from the Puglisi structure, seven have average distances Ͼ7 Å (averaging 9.9 Å). Most of the violations result from the movement of Arg-70 away from the RNA during the simulation. Arg-70 in the Puglisi structure is fairly solvent-exposed in the major groove of the upper stem and swings gradually toward the solvent over the first 300 ps, remaining there for the rest of the simulation. In the Patel trajectory, however, Arg-70 stays in the major groove.
Convergence of the global RNA structures
An interesting observation emerges from the comparison of the initial and the average MD structures from the last 300 ps of both simulations. Both Patel and Puglisi RNA structures appear to converge to an MD-equilibrated structure. Fig. 6 illustrates the converging similarity of both RNA structures, which are initially 5.0 Å apart in RNA RMSD and become 3.3 Å apart in their final 300 ps average MD structures. In the final average structures, the most apparent change is the more similar orientation of the two helical stems as the Patel RNA helix becomes less kinked. Convergence of the two structures is reasonable given that the same MD protocol and force field were applied to both structures. Previous work by Cheatham and Kollman on DNA showed convergence of A-DNA and B-DNA to an MD-equilibrated B-DNA-like structure (Cheatham and Kollman, 1996) . However, a more rigorous test of convergence is to compare the RNA RMSD of Puglisi trajectory to the final Patel structure, and vice versa, as shown in Fig. 7 . If the trajectories were converging, one would expect a decreasing trend in RMSDs as snapshots from one trajectory are compared to the final structure of the other. Linear regression analyses of both RNA RMSD plots show a slightly decreasing trend. By averaging the final 300 ps of both trajectories and comparing them, we can reduce the FIGURE 5 Root-mean-square deviations from the initial structure of the Patel trajectory fitted on all atoms, peptide backbone, RNA, RNA bulge, RNA upper stem, and RNA lower stem. noise among the snapshots and better observe that the global RNA structures of the Patel and Puglisi trajectories become more similar.
Differences in Tat peptide structures and Tat-TAR binding interface
Although the last 300-ps average RNA structures are more similar compared to their initial structures, the peptides and peptide-RNA contacts remain structurally different. A more detailed analysis in Fig. 7 shows increasing peptide RMSDs of the Puglisi trajectory to the final Patel peptide, and vice versa. The linear regression analysis shows an increasing trend, which implies that the peptide structures in both trajectories are not converging. The lack of convergence between the peptide structures is not surprising, given the highly flexible nature of the peptide in the Tat-TAR complex. This flexibility is indicated both by the broad envelope of NMR conformations in the reported structures and the high positional fluctuations of this region seen in our simulations (Fig. 3) . Moreover, the differences in the peptide-RNA contacts of the initial experimental structures are maintained in the MD. Analyses of intermolecular Tat-TAR H-bonding over both trajectories, listed in Table 2 , reveal differences in highoccupancy (Ͼ 50%) H-bonding. The guanidinium group of Arg-68 interacts mainly with the phosphate backbone of U20 in the hairpin loop in the Puglisi trajectory, whereas it makes hydrogen bonds with the base of U20 in the Patel trajectory. Arg-70 makes consistent H-bonding with G14 (O6 and N7) in the Patel trajectory, in contrast to the lack of any Arg-70 interactions in the Puglisi trajectory, because it moved away from the RNA during the simulation. The backbone N of Thr-72 makes H-bonds with G22 N7 in the Patel trajectory, while the hydroxyl group of Thr-72 in the Puglisi trajectory interacts with G22 N7. The hydroxyl group of Thr-72 in the Patel trajectory interacts with the phosphate oxygen of C23. Arg-73, in both trajectories, makes contacts with N7 and O6 of G11, consistent with NMR data (Puglisi et al., 1995) . As peptide contacts with the phosphate backbone are poorly resolved in the NMR structures, Arg-73 makes different high-occupancy phosphate contacts in the two trajectories: with phosphate of U10 in the Patel trajectory and with phosphate of G9 in the Puglisi trajectory. Arg-77 also differs in high-occupancy hydrogen bonding. It interacts with G9 in the Patel trajectory, but with the phosphate oxygens of C6 and U7 in the Puglisi trajectory. The flexible C-terminal arginines Arg-80 and Arg-81 contact the phosphates of G9, although there are no intermolecular NOEs to Arg-80 and Arg-81 determined by either Puglisi or Patel to support this. Therefore, although the final RNA average structures become more similar over the course of the simulations, the peptide structures and the peptide-RNA hydrogen-bonding patterns do not converge.
Relative binding free energies of peptide mutants
We also investigated the specificity determinants of Tat-TAR binding by comparing computational free energy analyses to experimental mutagenesis of the Tat peptide . Table 3 summarizes our calculations for relative binding of various mutants applied to the final MD snapshot of the Patel structure because the Patel structure contains the exact same peptide sequence studied experimentally . Fig. 8 illustrates the mutated residues in magenta. Overall, we obtained qualitative agreement with the experimental binding measurements.
Mutation of Arg-70 or Arg-73 to lysine was found to dramatically reduce binding to Ͻ3% of wild-type by in vitro binding and in vivo assays . In our calculation, Arg-70Lys was unfavorable by 5.7 kcal/mol, while Arg-73Lys completely abolished binding (⌬⌬G ϳ14.6 kcal/mol). Arg-70 in the wild-type structure interacts with O6 and N7 of guanine 14, which is disrupted in the mutant. The Arg-73 wild-type makes hydrogen bonds with both N7 and O6 of G11, and also forms charge interactions with the phosphates of U10; in the lysine mutant, the hydrogen bonds are eliminated and the distance to the phosphate oxygen is increased from 2.8 to 5.2 Å. It is interesting that Arg-73 in the BIV Tat-TAR structure has similar interactions to the single arginine residue bound to HIV-1 TAR RNA (Smith et al., 1998) . Arg-73 interacts with G11, located below the base triple in the BIV Tat-TAR structure. Analogously, the single arginine residue interacts with G26 below the U-A-U base triple in the HIV-1 TARargininamide complex (Puglisi et al., 1992a) . This single arginine of HIV Tat is largely responsible for recognition of HIV TAR (Tao and Frankel, 1992) .
The Thr-72Ala mutation was computed both using minimization of the final snapshot and computing the mutation over the trajectory. The trajectory mutation method is only applicable to conservative changes because it operates by deleting atoms from the snapshots. In agreement with experiment, both methods calculate this mutation to be highly deleterious (⌬⌬G ϳ 7-8 kcal/mol). The backbone of Thr-72 forms hydrogen bonds with G22 and C23, and the hydroxyl OG1 with the phosphate oxygen of C23. In the mutation, only the OG1 interaction is disrupted. We also computed a binding free energy change for the Gly-74Ala mutant, which does not interact directly with the RNA, but facilitates the ␤-turn of the peptide. This mutation was also calculated to be highly unfavorable (⌬⌬G ϳ 8 kcal/mol) as found experimentally, presumably because it affects the stability of the ␤-turn.
A series of substitutions of Ile-79 have been examined experimentally . In the Patel structure, Ile-79 interacts with the hydrophobic edge of U10 and is located in the same plane as the U10-A13-U24 base triple. Over the course of the MD simulation, Ile-79 moves slightly below the plane of the base triple. This may explain why substitution with a larger tyrosine is tolerated at this position and costs only 0.6 kcal/mol experimentally , although we calculate a large ⌬⌬G (4.7 kcal/mol). Tyrosine can potentially stack below U10 or perpendicular to it, and not necessarily on the same plane as the base triple. We observed that tyrosine formed a perpendicular stacking orientation relative to U10 in our calculation of the Ile-79Tyr mutant. Although perpendicular aromatic stacking interactions have been observed in protein structures (Burley and Petsko, 1985) , they have not yet been observed in RNA complex structures. We also calculated the free energy changes for the mutations of Ile-79 to Ala and Val by minimization of the final MD snapshot and by mutating over the trajectory. The minimization method computed relatively larger unfavorable binding energies than observed experimentally (1.9 and 4.7 kcal/mol for the alanine and valine substitutions), but the trajectory mutation protocol yielded slightly more favorable binding energies, although with large standard deviations.
Overall, we obtained qualitative agreement with experimental binding of different Tat peptides. In our calculations, mutations that disrupt interactions with the phosphate oxygens (Arg-70Lys, Thr-72Ala, and Arg-73Lys) have a tendency to be more unfavorable than experimental measurements. This deviation highlights the importance of interactions with the phosphate backbone, but it also highlights the inability of the MM-PBSA, at least as implemented with simple minimization or trajectory scanning, to quantitatively reproduce the mutation free energies. We are currently investigating whether further improvement of the continuum solvent parameters (dielectric constant, continuum atomic radii) will improve the agreement between calculated and experimental free energies (J. Wang et al., work in progress).
CONCLUSIONS
We have presented a theoretical investigation of BIV Tat peptide-TAR RNA binding using molecular dynamics and free energy analysis with continuum solvent. We performed our simulations on two NMR structures determined by Puglisi and co-workers and Patel and co-workers. We found that last 300-ps trajectory averaged RNA structures are more similar than the initial experimental structures. The Patel RNA structure relaxed its interhelical angle bend over the course of the simulation. We observed these structural changes with our MD protocol, using explicit water, periodic boundary conditions, and full treatment of electrostatics with particle-mesh Ewald. Our MD simulations possibly corrected some inaccuracies from the initial experimental structural modeling of both structures, which were done in the absence of explicit water and with a less accurate force field. The flexible peptides, however, and RNA-peptide contacts do not similarly converge. The U10-A13-U24 base triple, which was not directly observed by Puglisi et al., became more co-planar over the course of the MD simulation. MD simulations of the HIV TAR RNA bound to argininamide also observed the formation of an analogous U-A-U triple (Nifosi et al., 2000) , which supports the hypothesis that the base triple is a common characteristic to both the HIV and BIV TAR RNAs in their bound conformation. We also computed the relative binding of different Tat peptide mutants, achieving qualitative agreement with experimental results and emphasizing the significance of interactions with the phosphate backbone. It is particularly interesting that mutation of Arg-73, which we computed to be the most deleterious, is analogous to the specificity determining arginine in the HIV Tat-TAR recognition.
